Abstract-This paper presents a novel method to suppress the higher order harmonics in the microstrip patch antennas. A practical 0.75 GHz microstrip patch antenna is fed with a quarter-wave feedline designed by exploiting the dispersion properties of shunt-capacitorloaded transmission-line metamaterials. It is shown that two higher order harmonic modes at 1.25 and 1.5 GHz are completely eliminated. In addition, there is about a one-fourth reduction in the length of the impedance matching quarter-wave feedline.
INTRODUCTION
Although theoretically investigated in 1967 by Veselago [1] , it was not until 2001 that the concept of negative refraction was experimentally demonstrated in the synthesized periodic structures that consist of highly resonant split rings and thin metallic wires [2] . Since then, there has been a phenomenal growth in the metamaterial research activities worldwide. For example, see the books [3, 4] and the review paper by Ramakrishna [5] and the references therein. The term 'metamaterial' was initially applied specifically to the negative-index materials. But later with the application of negative refraction in other technologies, the scope of the term 'metamaterial' has been expanded to also represent other artificial structures such as loaded transmission-line (TL) media [6] and photonic crystals [7] . The TLmetamaterials are based on the equivalent circuit of the split-ring and thin-wire metamaterial [8] . Therefore, when extended to twoor three-dimension configurations, TL-metamaterials also demonstrate sub-diffraction focusing properties [9, 10] . Simpler 1D configuration referred to as metamaterial transmission lines (MMTLs) have been employed to build compact devices such as phase-shifters, power dividers, filters, and antennas [11] [12] [13] [14] [15] . Band-pass filters have also been designed by using shunt-capacitor loaded lines (shunt-C MMTLs) which employ an extra capacitor loading to control the band-pass response [16, 17] .
In all these applications, higher order dispersion characteristics are either not studied or have actually been utilized to design dual-band microwave devices. In many wireless communication applications, the suppression of the higher order harmonics (spurious radiation) is required as they create unwanted interference with other devices. Particularly, the unwanted higher-order radiations from antennas need to be controlled because of the high power 'spill-over' into the harmonic bands. Due to their unique dispersion properties, the MMTLs if properly designed have the ability to effectively suppress unwanted bands. Particularly, the dispersion of shunt-C MMTLs can be tailored to achieve bandpass response in the desired frequency range and bandreject response in the undesired spectrum.
This paper proposes a compact shunt-C metamaterial feed-line for a 0.75 GHz microstrip patch that can suppress two harmonic modes that radiate at 1.25 and 1.5 GHz. The metamaterial feed, in this case, serves dual purpose of being a harmonic suppresser and a quarterwave transformer. Moreover, the size of the feed-line is reduced to about one-fourth of its size when printed using the conventional approach.
Similar harmonic suppression techniques include the application of complimentary split ring resonators underneath the microstrip transmission line feed [18] . However, it requires long feedlines to physically accommodate the resonators. On the other hand, the present technique employs chip components; thereby, the feed length is drastically reduced.
THE DESIGN APPROACH
Traditionally, the MMTLs have been fabricated by loading a host transmission line with series capacitance and shunt inductance, as depicted in Fig. 1(a) . The devices based on this approach exploit the dispersion properties of the fundamental backward-wave mode and the second order forward-wave mode. The MMTL is thus operated under Figure 1 . Unit cell of metamaterial transmission-line (a) the traditional approach and (b) with an added shunt capacitive loading. the balanced impedance condition, i.e.,
where Z o is the intrinsic impedance of the host transmission line. If the phase velocity of the host medium is assumed to be 'u' then the distributed inductance and capacitance can be given by
, the fundamental and second order bands are connected without the presence of the band-gap. In the current application, a band-gap is needed between the first two bands of the periodic structure. Hence the Fig. 1 (a) unit cell is further loaded with a shunt capacitor, as depicted in Fig. 1(b) . Although, this can also be achieved by disturbing the impedance balance given by (1), the advantage of adding the shunt capacitance will be obvious later in this section.
Assuming the shunt-C MMTL extends to infinity, the following dispersion relation is obtained by using the Bloch-Floquet theorem [19] :
is the intrinsic phase constant of the unloaded line, ω is the radian frequency, and Y and Z are the series admittance and shunt impedance of the loading elements, given by:
For the conventional MMTL, C sh = 0 and Y = 1/jωL sh . A simplified version of Equation (2), which gives more insight into the resonance behavior of the structure can be obtained by assuming the intrinsic and Bloch phase shift (θ B ≈ Kd) per unit cell to be much less than unity (βd and kd 1) [8] :
where
The periodic structure has two resonances which are represented by the two bracketed terms in the above equation. These resonances mark the cut-off frequencies of the shunt-C MMTL. To further illustrate the operation, a representative dispersion curve is plotted in Fig. 2 . The band-gap is given by (f H −f L ) and is controlled by the series and shunt inductances and capacitances. Comparing the plots of the exact phase shift (solid line) and the approximate phase shift (dotted line), it can be observed that they are in good agreement for smaller shifts (less than 0.5π as mentioned in the derivation of (4). In terms of the two band-edge frequencies f H and f L , the phase relation can be written as:
Note that, as depicted in Fig. 2 , the dispersion region for which (kd < bd) is called the light cone where leaky radiation modes exist. The solution of the unknown parameters requires the Bloch impedance equation which can be obtained under similar phase constraints [17] :
Observing (7) and (8), the advantage of the shunt loading capacitance C sh can be demonstrated. In the absence of C sh , the determination of L and C establishes the intrinsic impedance and, consequently, the width of the microstrip host medium. If the designer selects the width, then one of the cut-off frequencies cannot be pre-specified leaving an uncontrollable bandwidth. Furthermore, as inferred from (5) the inclusion of C sh reduces the periodicity d of the host medium resulting in more compact feed lines.
For known values of the design frequency ω = ω des Bloch phase shift, θ B Bloch impedance Z B , and the cut-off frequencies f H and f L , Equations (6) and (8) can be solved to determine the L and C : The series capacitor and the shunt inductor can then be determined by using (7) and (9):
The periodicity and the shunt capacitance are obtained by using the following relation:
Finally, the Bragg's frequency f o which signifies the start of the backward-band is given by:
THE HARMONIC SUPPRESSION PATCH
To demonstrate the harmonic suppressing, a microstrip patch antenna is designed that radiates at 0.75 GHz. If a Rogers 5880 substrate with a dielectric constant 2.2 and a thickness 31 mils is used, the dimensions of the patch are given by 134 mm × 158 mm and its input impedance is given by 225 ohms. Hence, a quarter-wave line of length 75 mm having a characteristic impedance of 100 ohm is used to feed the patch for the baseline simulations and measurements. The simulations are performed by Zeland's IE3D simulator and the return loss measurements are done using the Anritsu 37369C vector network analyzer. The results are depicted in Fig. 3 . In addition to the fundamental frequency of 0.75 GHz, spurious radiation modes can be seen at approximately 1.25 and 1.5 GHz.
To suppress the higher order harmonics, the quarter-wave metamaterial feed should be designed such that the band-gap (f H −f L ), (Fig. 2) spans the spurious radiation region. The cut-off frequencies are assumed to be f L = 0.9 GHz, and f L = 2.2 GHz. Assuming a four cell MMTL, the Bloch phase shift (per unit cell) used in the design equation is given by θ B = π/8 radians. Setting ω des = 0.75 GHz, and the Bloch impedance (Z B ) equal to 100 Ω in (6)- (11) and rounding the quantities to the nearest commercially available component gives L sh = 15 nH, C s = 4.5 pF, C sh = 2 pF and d = 2 mm. Note that to accommodate for the Rogers substrate u = 2.27 × 10 8 m/s is used which is obtained by using the LineCalc R package by Agilent. Furthermore, the Bloch impedance is set to 100 Ω to match the antenna of impedance 225 Ω to the 50 Ω microstrip system. The phase velocity is further applied in the calculation of the distributed inductance and capacitance of the microstrip line.
The simulated S 11 , depicted in Fig. 4 , shows the disappearance of the harmonic patch modes at 1.25 and 1.5 GHz. The S 11 dip in the frequency response at 0.75 GHz well corresponds to the design. The simulated E-and H-plane radiation patterns at the fundamental frequency (0.75 GHz) are shown in Fig. 5 . Not shown here are the patterns of a regular patch which can be seen in any reference such as [20] . It can be observed that the MMTL feed does not affect the radiation of the patch. However, a leaky wave mode is observed at 0.95 GHz which arises due to the propagation of electromagnetic waves within the light cone where the free space phase and Bloch phase are related by Kd < βd (see the Brillouin diagram 
Hence, keeping the inductances and capacitances constant, the leakywave modes can be shifted to higher frequencies by reducing the periodicity 'd'. To demonstrate this effect in the current design, the value of periodicity is changed from 2 mm to 0.5 mm in simulation. As shown in Fig. 6 , this results in a shift of 30 MHz (0.95 to 0.98 GHz) in the leaky-wave mode frequency. More drastic changes in the leakywave frequency can be obtained by changing the lumped element values, particularly the shunt capacitance C sh . Consider reducing the shunt capacitance from 2 pF to 1.75 pF. Consequently, the leaky-wave mode shifts from 0.95 to 1.01 GHz. Further shifts can be obtained by d=2mm d=0.5mm Figure 6 . Effect of change in the periodicity on the leaky-wave frequency.
C sh =2pF C sh =1.75pF
Second design Figure 7 . Effect of change in the lumped element design on the leakywave frequency. The second design refers to the case in which the cutoff frequencies are changed so that the leaky wave mode is shifted to 1.3 GHz.
redesigning the MMTL with a different band-gap. Consider the case when the band gap is redefined from f L = 1.2 GHz to f H = 2 GHz. From Equations (6)- (11), the lumped element values are then given by L sh = 35 nH, C s = 4.5 pF, and C sh = 0.3876 pF. This case is labeled as 'second design' in Fig. 7 . As depicted, the leaky-mode is shifted to 1.3 GHz.
FABRICATION AND MEASUREMENTS
The harmonic suppressed microstrip antenna with compact shunt capacitor loaded metamaterial feedline was fabricated and the lumped parameters were soldered. The photograph of the fabricated microstrip antenna is depicted in Fig. 8 . As shown, the quarter-wave shunt-C MMTL segment only acquires 20 mm length in the feed line. The inset shows the zoomed-in view of the shunt-C MMTL feed. The return loss measurement and simulation results are shown in Fig. 9 . As depicted, the spurious modes at 1.25 and 1.5 GHz are well-suppressed. The antenna is matched at the designed frequency of 0.75 MHz. The simulation and experimental S 11 are in good agreement for the fundamental microstrip mode (0.75 GHz). However, the leaky wave dip is shifted to 0.935 GHz in experiment, compared to 0.95 GHz in simulation. This shift in the leaky-wave mode is primarily attributed to the chip component tolerances which are not accounted for in the simulations. It may be noted that the location of leaky modes depends on the choice of the cut-off frequencies, the unit cell length (d) and the number of unit cells employed in building the quarterwave line. Hence, the location of these modes in the spectrum is controllable unlike the higher order harmonics whose locations are inherently governed by the resonant frequency of the patch. Therefore, by proper design strategy (as discussed in previous section), the leakywave modes can be placed in the ranges where frequency suppression is not needed or may be utilized in some other application. For bandwidth comparison, the measured reflection coefficients (S 11 ) for the MMTL-fed and quarterwave-fed patches are superimposed and are depicted in the inset of Fig. 9 . Both of the patches have a (VSWR < 2) bandwidth of about 0.67% which is typical for highlyresonant rectangular patch antennas [22] . 
CONCLUSIONS
A practical 0.75 GHz microstrip patch antenna with suppressed higher harmonics is presented. The harmonic suppression is accomplished using the shunt-C metamaterial matching feed-line. These types of metamaterial lines have earlier been used in reconfigurable bandpass filters. The harmonic suppressed antenna measurements when compared with the conventional patch show that the spurious modes at 1.25 and 1.5 GHz have been suppressed completely. A leaky radiation mode arises at 1 GHz as a result of the inherent metamaterial. With proper design, the leaky mode can be placed at a desired location where interference suppression is not required or it can be utilized in other applications. It may be noted that the choice of the patch antenna frequency is arbitrary and in this study 0.75 GHz is chosen due to the readily available chip components at the time of the design.
